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PHOTON-GATED PERSISTENT SPECTRAL HOLE-BURNING

W. F. Moerner

IBM Research Division

Almaden Research Center

650 Harry Road

San Jose, California 95120

ABSTRACT: This article reviews recent progress in the area of photon-gated persistent

spectral hole-burning, in which one photon selects absorbers in an inhomogeneously

broadened line and a second "gating" photon of a different wavelength completes the

excitation necessary to produce a spectral hole. This phenomenon provides a crucial

threshold in the hole formation process. allowing reading with the first wavelength alone to

be nondestructive. Examples of photon-gating in both inorganic and organic materials are

summarized, with emphasis on the organic materials.
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§1. Introduction

Frequency domain optical storage, in which digital information is encoded as the

frequency location of persistent spectral holes, shows promise of' high areal densities in the

I0) - I1)1 bits/cm 2 range while affording fast random access by beam deflection as well as

high data rates by laser frequency tuning and optical parallelism. Persistent .7imectral

hole-burning (PSTIB) occurs in inhomogeneously broadened optical transitions of impurities

in transparent solids at low temperatures when optical excitation of resonant impurity centers

causes a long-lived transformation to a new nonabsorbing ground state. In addition to the

interest in PSIIB for possible storage applications , this phenomenon has proven to be

extremely useful in the study of the statics and dynamics of absorbing centers in a wide
S3

variety of amorphous and crystalline solids

A material in order to be useful in a practical frequency-domain optical storage system

must simultaneously show the ability to form deep holes in short (nanosecond) burning times

and yet allow nanosecond reading at high signal-to-noise ratios with tightly focused beams.

These requirements place several well-defined constraints on the dynamical properties of the

hole-hurning mechanism. For the case of single-photon materials in which the photoinduced

change proceeds with a certain fixed p- ' lity after the absorption of one photon by each
4

absorbing center, a thorough analysis of the coupled reading-writing problem shows that

these materials can provide sufficient SNR only in a limited range of absorption cross

sections and quantum efficiencies. The essential problem with single-photon processes is that

there is no threshold or hysteresis in the hole formation mechanism, as opposed to the

situation with all other successful schemes for long-term information storage such as

magnetic, magneto-optic. ferroelectric, and phase change recording.

One way around the destructive reading problem with single-photon materials is to

consider two-step spectral hole formation mechanisms, called gated mechanisms (see Fig. I).
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A gated mechanism has the property that irradiation with the wavelength , alone causes

essentially no photoinduced changes (writing), i, e., after the absorption event takes the center

From the ground state I to the excited state 2, the center simply returns to the original

ground state I after the excited state lifetime. lowever, when the center has been placed in

the excited state 2 by absorption of a photon at ;, and an external "gating field" is also

present, a photoinduced change occurs and the center enters a new ground state or

permanent reservoir that no longer absorbs at ).,. The "dip" or region of reduced absorption

that is left behind in the inhomogeneous line is the resulting spectral hole that can be

detected nondestructively with ). alone. fn this manner. gated mechanisms add a crucial

threshold to the ho!e formation process, which allows the writing and reading processes to

be uncoupled. The external field may be a second photon of a different wavelength or the

gating could perhaps be achieved by any other external field, such as electric field, magnetic

field, stress field, and the like. When the gating field is a second light field s, the mechanism

is said to be photon-gaed.

The importance of photon-gated processes for scientific studies of PSIIB and for

frequency domain optical storage has stimulated much recent research to discover new

photon-gated materials. This paper will first present schematic energy level schemes for

photon-gating appropriate for 3-level and 4-level systems (§2). In most cases, the mechanism

is two-step photoionization. although other biphotonic photochemical reactions have also

produced photon-gating (see §3.2). In §3. recent progress in the search for photon-gated

svstcms in inorganic materials as well as in organic materials will be briefly reviewed. Some

emphasis will be placed on the organic material- since a review of the inorganic materials

has appeared recently. This work concludes (§4) with a description of the optimal cross

gection, quantumn eliciency, and number density For an optimal photon-gated material For

the care of frequency domain readout in focused spots.
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§2. Generalized Photon-Gated Mechanisms

Figure 2 illustrates some general requirements on threc-lcvel and four-level photon-gated

PSi IB mechanisms in order to achieve high overall efficiency and high gating ratio, where

the gating ratio is a measure of the efficiency of two-color hole production divided by the

efficiency of onc-cc,!Ar hole production with ), alone. While the exact materials requirements

depend strongly upon the actual system configuration and signal-to-noise requirements, some

general comments about the required level structure can be made.

The left side of Fig. 2 illustrates the three-level system which is the common configuratioi,

for many inorganic materials. A first requirement is that ),, should be larger than )2, so that

the site-selecting beam cannot also easily act as the gating beam. The absorption in the

circular regions should be snall to reduce one-color burning (by three )., photons, case a)

or bleaching by the gating light (by two )2 photons, case b). The 1itctime 7 of the

intermediate state 2 should be long enough to allow large populations to build up in this

state for further excitation to the reactive levels 3. In cases where r is much larger than the

data access time the storage material does not have to be exposed to both photon energies

simultaneously. Further, there is no fundamental need for a Frequency-selective narrow-band

transition from level 2 to level 3; however, in certain instances, narrow-band levels 3 involving

transitions with high peak cross sections may he preferable to a continuum absorption such

as a conduction band. The microscopic yield )I from the reactive levels 3 should he as large

as possible for high overall gating efficiency.

In principle. systems with 2I = 22 can exhibit gated PSI IIB in the sense that the

hole-burning yield is nonlinear with laser intensity' . [or example, at low powers the hole

formation rate may scale quadratically with lascr power, whereas at high powers level 2

saturates and tle hole formation rate scales linearly with laser power. lowever. in actual

situations, signal-to-noise requirements often require that the reading laser power be so large

that the quadratic regime cannot be utilized. In addition, tle requirlement of non-destructive
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reading makes it desirable to use systems with ,1 0 , 2 permitting complete decoupling of

reading and writing processes.

The right half of Fig. 2 illustrates optimized photon-gated IS IIB with a four-level system.

I lere the intermediate state i is distinct from state 2. which allows independent optimization

of the level lifetimes. This level structure occurs quite comnionly for organic materials in

which states I and 2 are part of the singlet manifold and level i is the lowest triplet state.

The required lifetime r of level 2 will often be determined by a combination of the required

hole width. data rate, and absorption strength. For example, if T is too short, the holes will

be neces-sarily broad. For efficient gated PSIIB the ( 2 - i ) rate F; should be as large as

possible consistent with the requirement that the lifetime of level 2 not be too short. Further,

a long intermediate state lifetime Ti would he advantageous in achieving a large population

in level i. It is evident that absorptions 2 - (a), I -- (b), and i --+ (c) involving photons

of frequency (1), a12, and a), respectively, should not be large in order to prevent undesired

bleaching and inefficient excitation of interfering levels. Of course, the microscopic yield ?I

frwm the photoreactive levels 3 should be as large as possible for efficient photon-gating.

§3. Examples of Photon-Gating

§3.1 Inorganic Materias

The first observation of photon-gating resulted from experiments on Sm-' ions in BaCF

crystals .his material is in the class of 3-level materials (Flig. 2. left side), and the specific

energy levels of interest are shown in Figure 3. Despite the discovery of' several other

iorganic systems showing photon-gating. this material continues to he of interest due to the

large gating ratio and other properties to be described below. The first photon near 690 nm

excites the systcm from the 7: ground state (level I) to the Il) level (level 2). Extended

irradiation at 690 nm produces essentially no hole production, but brief periods of

simultaneous irradiation with 5 514 nm or shorter produces spectral holes at 2. 'he
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second photon excites tile ion from 5I) to the conduction band or to an autoionizing level0

above the conduction hand edge and the liberated electron is subsequently trapped in the

host matrix leaving behind a Sm3 ion.

Figure 4 shows examples of the spectral holes for the Sm 2 :BaCll system. The gating

ratio, or the ratio of gated hole depth to single-color hole depth for equal ). burning

conditions, has been observed to he quite large, on the order of' 104. Another novel property

of this system is room temperature cyclability of the written information 9 . For example, after

burning holes at liquid helium temperatures, tile sample can be warmed up to room

temperature for 24 hours, and then upon recooling to helium temperature. the previously

written holes can still be easily detected.

Since the hole-burning process appears to involve conversion of Sm21 to SmI, with

trapping of the ejected electron at Sm3l ions, the act of hole-burning simply redistributes

absorption strength within the inhomogeneous absorption of the Sm2 ' ions. The holes can

be erased by irradiation in the homogeneously broadened transitions in the blue. which

redistributes the ions between the divalent and trivalent states. One drawback of this

material, however, is the extremely small oscillator strength of the ), transition, which makes

high SNR experiments in thin films difficult.

Table I lists the inorganic photon-gated materials studied to date. For full detail, the

reader is encouraged to consult the references. As can be seen. the divalent Sm ion shows

gating in a number of host crystals. In addition, the transition from the ground state to the
S 10

'D, state shows photon-gating . Recently, using a mixed crystal of BaCllF and BaBrF to

increase the inhomogeneous broadening, photon gating was observed at 77K by Wei. et

12
al.

One possible approach to higher absorption cross sections in the inorganics lies in the

st1Idy of multivalent transition metal ions in crystals (see the last two entries in Table 1).

For example, Co2' in an inverse spinel crystal.I i(la() has shown photon-gating". This

inorganic material ,tilizes 660 rim for ), and longer wavelengths fo(r 2) leading to a gating
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ratio of t 20. Ihe mechanism ; imilar to that for the Smn2 Baa I: material: two-step

photnionization and trapping o!' the ejected electron in the host crystal. (Cr in SrTiO 3 has

also shown photon-gating, but with a reduced gating ratio

§3.2. Orgamic hlairial

Spectral hole-burning nonlinear in the burning intensity was observed quite early in the

history of hole-burning (see Ref. 7 for details), but the importance of photon-gating with

two-color excitation was not realized until much later, after the SNR analysis of

single-photon materials . Table 2 lists organic materials showing two-color photon-gated

PSIIB to date. In these materials, the 1-2 transition is usually within the singlet-singlet

manifold, thus the absorption cross section is often quite large. Optical densities of 0.3 or

more are relatively easy to achieve in thin films. The level scheme most often applicable to

these systems is shown in the right half of ig. 2.

The first example of two-color photon-gated PSIIB in organic materials was provided by

carbazole molecules in boric acid glass . pon excitation in the singlet-singlet origin with

).1 = 335 nm, the molecule undergoes intersystem crossin with a high yield to build up a large

metastable population in the lowest triplet state, T . In the presence of )2 = 360- 514 nm.

h,,le are formed at the singlet excitation wavelength, ),, due to photoionization of the

molecule in the triplet manifold and trapping of the ejected electron in the boric acid glass

matrix. The observed gating ratio for this material is near 400. [he boric acid glass matrix
playr an important role: in comparison to less polar hosts like PMMiA. boric acid glass

lowers the ionization potential of the carbazole guest from the gas phase value by 2.3 eV.

[he difficulty with this material is the short wavelength of tihe site-electing transition: )

alone is sufficient to cause photoionization via a biphotonic process.

The group of Korotaev, et al.. reported two-color hole-burning for a derivative of

Zn-tetrabenzoporplvrin in uncharacterized P.MMA with excitatiol at 628 and 337 tim.



The mechanism was not determined, and the authors felt that a photoionization process was

unlikely in this system.

The organic material composed of photoadducts of anthracene and tetracene (A-T) in

P\M MA provides a quite different type of photoreaction leading to photon-gating: two-step

photodissociation of' the adduct. The gating ratio For this material is small, however, due to

onc-color photoreactions caused by the absorption of two photons of )I = 326 nm. The

one-color and two-color hole-burning kinetics For this system show both transient and

photochemical saturation effects

Studies of the molecule TZT (mcso-tctra-(p-tolyl )-Zn-tetraben/oporphyrin) in ultrapure
primary standard PMMA using toluene as a solvcnt yielded oily single-photon photophysical

19
hole-burning 1 lowever, by utilizing halomcthane solvents. photon-gating was observed by

a particularly interesting mechanism: donor-acceptor clectron transFer From the excited

porphyrin donor to a nearby halomethane ,rcceptorl The IZT donor (or its Mg analog)

was Found to exhibit photon gating in weil-characteri/ed PMMA thin films in the presence

of a variety of halomethane acceptors, such as chloroform ((Cl I ), methylene chloride, or

methylene bromide 20. The schematic mechanism for hole production is shown in Fig. 5.

The ireqxency -,electing photon ) 630 tnm excites the lowest singlet-singlet transition, and

triplets are produced efficiently by virtue of the high triplet yield (0.8). The triplet lifetime

of 40 ms (for the Zn compound) f'acilitqtes the buildup of a large population in TI,. When

the gating light at )2 - V;0 - W0 rim is present, the electron is excited to an tipper triplet

T, from which it tunnels to a nearby halomethane acceptor. This mechanism has been

confirmed bv time-delayed two-color hole burning and measurement- of the spectrum of the

porphyrin cation photoproduct2 °.

This first example of photon-gating via a clearly defined donor-acceptor electron transfer

mechanism has the useful property of allowing the gating effect to he controlled by varying

the acceptor concentration andior acceptor electron affinity (by choosing a difcrent

acceptor). I lowever, dtie to subsequent reaction of the reduced acceptor with the matrix,



reversdfl of' the elect ron I ran sler Is some\what di ml-1t. [hIis lack Of' reversibility is not a

Irindlamenra 1 problem because on(, canle i 51011 directly' coupled donor-accept or molecules in

which thle electron cmn be revers;ibly ;htiffled )lack and fo(rthi between the two halves of the

mol1culc inI a ahionc,111 a nalouni s to the protonl a utomecri/a tion react ion For the Free-base

porphyrin s an ripht ha loc-va nines.

A side f'rom thle specific disadvantage of' irrev'ersibility. thle TI/T C (I ( 'I, PMNI A material

"Ind it, anal oi- with %11g, and withI other halomiethanes have a furt her useful property: the

overall eflicieiicv Of* gated hole production is high: i.e.. (iirfv deecp (- 1""- in trajisiSion)

hioles cmn be burned with a singh, 8 ns pulse at ), Followed Iimediatelv y a 2t00 ns gating

pulke at )I his is a result of' everal f-actors: tile large absorption cross section -it ;l

lie faire tri plet vlid. hie rca 50floahbly lon2 triplet I ifct ii. and tilie ;i rge intrinsic probability

f'or electron t ran0"cf2r From tile high triplet levels to the necarby acceptor.

igr 0 6Illustrates aI Further advantage of' this systenm: with Iile I'/l' (1 ICI P NI MIA

material, fist buirnu inl smavll laser spos canl be achieved. [h]is property has not been

nbserved in any' single-photon ma terialI to dlate mostly duLe to thle monophotonic nature of'

tile holc-burning process. As was demonstrated earlier For a reasoinably efficiciit

sin de- ph oton material 2.in order to detect the shallow hole burned onl a ns time scale, very

large reading laser spots, are required to limit the reading intensilty. B" contrast. Fig. 6 shows

that for the donor-acceptor photon-gated sxstem. a clearly dfetecta ble spectral hole can be

Pnroduced xvda 30ls seir at ;j floe mldaeYhv;2011,gting pulse ait ),. The

s Pot dia meter was 200 im (limited by lie inclianicail ,t abI-NIlt% of' tile crYostat ). and the

vating heamn was unfocused. [he 20)( ; gatinp light pulke aicts is ;I developer" for centers

that wecre placed in the 1lowes;t triplet state b\ tile sI te- selectin I pi~ if sek. If' nliaiiv bits were

to be writ ten in thle freq uericx domiain in this material, one won ldlsml injlect short pulses

at all the ),~ wa velength(s desired a nd then Irradiate with th lIong ). pulse to make tile

s pectral holes pcrrnatnent Ili obeCrvatilonl di reelIv ill List rate filie sIiperiorit v of' phloiii-gated

o er sIicl-plot on mecliatniMs f'or I req uencv -domia ii optical st ra I~e applicationls.
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One measure ol the gating ratio is tile inverse ratio of burning times [or shallow holes

ofconstant depth, assuming constant burning intensity at ;j . This measure, called (, is

approximately equivalent to the ratio of' the slopes of hole growth curves for two-color versus

one-color irradiation, The value of (, for the ITI-Cl (1 PNI MA system is I 100 at

I.5< " . In recent m -wsurements. (, was observed to increase to a value near 10( when the

temperature was raised to 20K Ihis surprising result can I understood if the onc-color

hole-burning at low tcllperatures is due to a photophysical rearrangement of two-level

svsi _,ns of the nearby host polymer over shallow barriers. At higher temperatures. any

one-color holes due to transitions among the same set of shallow harriers thermally craw

Immediately af'ter burning. To form a detectable one-color hole at higher telperatures, mic!i

longer burning times are required because barriers must he surmounted that are large

compared to kT.

Returning to Table 2, another variation of gated hole-burning material formed from the

TZT molecule nav be constructed by providing the halonethane acceptor as an intrinsic part

of the host. Toward these ends, photon-gating has been observed for TZT in PVC

(poly(vinyl chloride)) thin films 2
4

. 1 lowever, since the effective concentration of' chlorine

atoms close to the ZIT dopant molecules is reduced, this material shows relatively ;mall

gating ratios.

In recent studies, the group of Alshits, et al. have observed two-color photon-gating for

carbazole in PMNIA 2S and nonlinear one-color hole production f'or perylene in boric acid

26.1 -s- o c sglass [or the former system, the mechanism was determined to be \-I I bond scission as

was observed in previous two-photon holography experiments . In the latter system.

photoioni/ation was observed upol the a borption of t,vo quata at ,-1401 nm without

participation of tile triplet states, thus, this macriil mav be rcgarded ;as a limiting example

of "-level photon gating shown it the left half of Fig. 2.
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§4. Optimal Photon-Gating with Frequency-Domain Readout

We now turn to a (iscussion of the optimal materials parameters for practical gated

recording media. In ordei to Identify tile required characteristics of' a practical photon-gated

storage mediuI. some assumptions must he made about the configuration of the frequency

domain optical storage system. specifically, the detection technique used. Possible detection

methods include transmission, fluorescence detection, holographic methods, electric-field

readout, and time-domain readout In addition, the le\el of parallelism during writing and

reading affects the power and time available for hole formation and detection. The

configuration that has been treated in some detail that is assumed here is the case of'

quantum-limited transmission detection with frequency-domain readout with a single

beam's. Some aspects of two-step spectral hole-burning with short pulses have been analyzed

29
separately

For the case of frequency domain readout, a plausible et of constraints are: 30 ns

reading and writing per bit, shot-noise-limited transmission detection with at least 26 dB

wideband signal-to-noise ratio, and 10 pn diameter laser spots. A useful quantity for

modelit.g purposes is the effective hole-burning yield for photon-gated hole-burning. 71,. which

is defined as the relative absorption change ?1, = (Ao./oc), that is produced by the best-case

two-color hole-burning during the writing time of 30 ns. l)ue to the complex nature of gated

PSI 1B processes, the value of 7, depends critically on the specific microscopic properties of

the gated PSIIB mechanism as well as on the writing cmiditions.

tho-.iugh SNR analysis for this situation seeks ippropriate values for the absorption

ss section ,7 at ,1. the dlensity of centers within a humogeneowi width of the laser

icy, N\,,,. sample length I. and yield q, which result in SNR __ 26 1D in a 16 NlII/

bandwidth. Since the values of I and N,,, are not intrinsic material properties and can be

controlled when fabricatitg the storage medium. it is helpful to classify" mterials 1\ a

concentration-thickness product N,,, I., as long as I _ I )Opm.
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ligure 7 shows the results of the analysis. Materials within the shown boundaries for

particular values of ;1, permit data readout with SNR equal to or greater than the required

value with a maximum of 10 mW reading power. For high cross sections (7, and large values

N,,,I. the optical absorption becomes so strong as to prevent sufficient light from reaching

the detector. For high (TI and low vahtes N,,,. the achievable signal-to-noise is lirnitcd by
52

power broadening of the detected holes. For ,7, _< 10 cm 2 the available laser power of

I0 ( mW is lower than the saturation power; therefore the available reading power defines the

S 'N limit. At the top of the figure. undesirable interactions between the optically active

centers, e.g. spectral diffusion and cooperative excited-tate quenching, can limit the usable

concentration of centers.

As always, spectral broadening of the produced hole, eit:.er by saturation of the transition

or by excessive hole-burning, imposes an tipper limit on yield 77,. It is reasonable to restrict

the hole-burning yield to , :5: 0.1. The a, - NI. parameter space shrinks rapidly as it,

decreases. In order to successfully implement a frequency-domain optical storage system

based on gated mechanisms, it is critical to find a material that permits gated PSIIB with

Ncry high efficiency in the short writing times required For fast data transfer rates.

For example, with the inorganic material composed of Sm2l in BallF, N,,-.i -I0 cm-2

and 7,_ -J()Icn2 and the xalue of, has not been measured. The achievable SNR in this

material is insufficient without more than 100 mW of' reading laser power. For the case of

the organic TLZTI,(I( I1T\'PMMA material, N,,, 5xl)' 2 cm 2., - 5 x l O 12cm2. and ?1, L 0.01
2(1 This material would he barely acceptable if' the overall efficicncy were higher or if the

absorption cross section were smaller (and if the mechanism were reversible).

The use of a data access method other than frequenicy scanning in a focused spot will

clearly alter the exact materials requirements for practil information storage using photon

gating. Other access methods that have been considered are tine-domain storage

holographic storage , and elcctric-field access and a similar SN R analysis should be

performed for each nf these access methods. In each case, Ihe presence ofa threshold in the
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writing process improves the performance, so photon-gated materials are expected to continue

to be important For information storage schemes using persistent spectral hole-burning, no

matter what the access mechanism.

§5. Conclusion

The number of examples of gated spectral hole-burning continues to grow. further

widening this novel class of mechanisms for PSIIB. Considering the limitations on

single-photon materials for frequency domain optical storage applications, the search for

gated mechanisms should be an important area for future study. This i. especially true

because photon-gating directly resolves a paradox that limits single-photon materials: how

to achieve high efficiency photochemistry for writing and yet have low efficiency during

reading. The practical realization of technological applications of PSIIB presents a

stimulating challenge for interdisciplinary research: identification and characterization of

gated hole-burning mechanisms in materials that will satisfy all the requirements for

frequency domain optical storage as well as other useful applications of persistent spectral

hole-burning.



-14..

ACKNOWLEDGEMENTS

The author acknowledges stimulating prior collaborations on photon-gated materials with

I1. W. I1. Lee, M. Gehrtz, T. P. Carter, Chr. Brdiuchle, and W. P. Ambrose, and the author

thanks R. M. Macfarlane for permission to use Figs. 3 and 4. This research has been

supported in part by the U. S. Ofice of' Naval Research.

REFERENCES

1. See W. F. Moerner, W. Lenth, and G. (. BjorklUnd: "Frequency Domain Optical

Storage and Other Applications of Persistent Spectral I lole-Burning," Chapter 7 of

lPersistent Spectral Jlo/e-Blurning: Science and Applications, W. I. Moerner, editor,

Topics in Current Physics Vol. 44 (Springer, Berlin, leidelberg, 1988), and references

therein.

2. W. F. Woerner: .1. Molec. Hlec. I (1985) 55.

3. See Chapters 1 through 6 of' Ref. I for a review of many photophysical and

photochemical mechanisms for persistent spectral hole-burning; also see .1. Friedrich

and 1). lHaarer: Angew. Chem. [it. Fd. Fngl. 23 (1984) 113; R. .ankowiak and G.

.1. Small: Science 237 (1987) 618.

4. W. F. Moerner, M. 1). Levenson: .J. Opt. Soc. Amer. B: Optical Physics 2 (1985) 915.

5. I). M. Burland, F. Carmona, G. Castro, 1). Ilaarer. and R. M. Macfarlane: IB.1

T'ch. Discl. Bull. 21 (1979) 3770.

6. R. Ml. Macfarlane: .1. Lumin. 38 (1987) 20.

7. As for example with dimethyl-s-tctrazine. See I). M. Burland anl I). flaarcr: IBM

.J. Res. l)evel. 23 (1979) 534, and references theicin.

S. A. Winnacker, R. M. Shelby. R. M. Macfarlane Opt. .ett. 10 (1985)3 50.



-15-

9. A. Winnacker, R. M. Shelby. R. M. Macfarlane: .1. de Phvs. C olloq. C7, Suppl. 10.

46 (1985) ('7-543.

10. R. M. Macfarlane, R. M. Shelby, and A. Winnacker: iPhy's. Rev. B 33 (1986) 4207.

11. R. .1. Danbv, K. llollidav, and N. Manson: .1. Liumin. 42 (1988) 83.

12. C. Wei, S. IlTuang, and .1. Yu: .1. Lumin. 43 (19S9) 161.

13. R. M. Macfarlane, J. C. Vial: Phys. Rev. B 34 (1986) I.

14. A. .1. Silversmith, W. Lenth, and R. M. 'Macfarlane: IQEC-87 Technical l)icest (1987)

190.

15. II. W. 1i, Lee. M. Giehrtz, l. Marinero, and W. F.. Moerner: Chem. Phvs. Lett. 118

(19w5) 611.

16. 0. N. Korotaev, E. I. Donskoi, and V. I. Glyadkovskii, Opt. Spektrosk. 59 (1985)

492.

17. M. A. lannone, G. W. Scott. 1). Brinza, and 1). R. CoIlter: .1. Chem. Phys. 85 (1986)

4863.

18. M. A. lannone and G. W. Scott: J. (hem. Phys. 89 (1988) 2640.

19. T. P. Carter, C. Brduchle, V. Y. Lee, M. Manavi, and W. F. Moerner: Opt. Lett.

12 (1987) 370.

20. T. P. Carter, C. Briuchle, V. Y. Lee, and W. E. Moerner: .1. Phys. Chem. 91 (1987)

3998.

21. W. F. Moerner, T. P. Carter, and C. Braiuchle: Appi. Phys. Lett. 49 (1987) 430.

22. M. Romagnoli, W. F. Moerner, V. M. Schcllenberg. M. 1). Levenson. and G. C.

Bjorklund: .1. Opt. Soc. Am. B: Optical Phvsics I (1984) 341.

23. W. P. Ambrose and W. I. Moerner: in preparation for submission to ('hem. Phvs.

l.ett.

24. T. P. Carter, W. 1). Ambrose, and W. F. Moerner: unpublished results.

25. F. I. Alhitg, B. M. Kharlamov, and R. I. Personov: Opt. Spectrosc. 65 (IOSS) 173.

26. IF. I. Alshits, B. M. Kharlamov, and R, I. Personov: ()pt. Spectrosc. 65 (1 ,I)S 326.



-16-

27. G. C. Bjorklund, C. BrIiuchlc, 1). M. Burland, and I). C. Alvarez, Opt. I.ett. 6 (1981)

159.

28. W. Lcnth and W. F. Moerner: Opt. Commun. 58 (1986) 249.

29. 1. K. Rehane: Phys. Stat. Sol. (b) 145 (1988) 749.

30. T. W. Mossbcrg: Opt. l.ctt. 7 (1982) 77.

31. A. Renn, A. .1. Mcixner, i. P. Wild, and F. A. Burkhaltcr: Chem. Phys. 93 (1985)

157.

32. G. Castro. R. 11. Dicke, and 1). llaarcr: IBM Tech. T)iscl. Bull. 21 (1979) 3333.

33. 1. Bogner, P. Schqitz. R. Scel, and M. Maicr: Chcm. Phys. Lctt. 102 (1983) 267.

34. V. P. Wild. S. i.. Bucher, and F. A. Burkhaltcr: Appl. Opt. 24 (1985) 1526.



Table I: Inorganic materials showing photon-gated persistent spectral hole-burning

Material System ) 1, nun )-2, 1m Mechanisnma Reference

Sm 2  in BaCI 630,690 514-454 two-stcp PI 8-10

Sm2 + in Sr(IF 690 350 two-step PI 6

Sn 2 + in (aF 2  690 514 two-stcf 'Pl 6

Sm2 + in CaS) 4  690 351-514 two-step PI 11

Sn 2 + in BaF(('IBr) 562 562 two-step PI 12

(o 2 + in li,(asOg 660 673 two-step PI 13

(r 3 + in SrliO3  790 790-1060 two-step Pl 14

al'[ - photoionization

17



Table 2: Organic materials showing photon-gated persistent spectral hole-burning

Material Systenha  A, uIn ,2. nni Mechanism b  Reference

Carba7olc in boric acid glass 335 360-514 two-step P 15

Zn-TBP' in PMMA 628 337 16

Anthracene-tetracene 326 442 two-step P1) 17,18
photoadducts in PMMA

TZT with halomethanes in 630 350-800 two-step I)A 19-21
PMMA I"T

TMT with halornethanes in 630 350-800 two-step DA 19,20
PMMA 17T

TZT in PVC 630 514 two-step IDA 24
ET

Carbazole in PMMA 337 441-514 two-step 25
NIIS

Perylene in boric acid glass 441 441 two-step Pl 26

aPM.MA - poly(methvlmethacrylate). PVC - polv(vinyl chloride), [1P - tetrabenzoporphyrin

derivative, [ZT m-nesortetra-(p-tolyl)-Zn-tetracnzoporphrin. MT rneso-
tetra -(p-tolvl)- M g-tetrahenzoporphvrin.

bpi - photoionization. Pl) - photodissociation, NIIS - N-I I bond scission, D)A IT - donor-

acceptor electron transfer

is
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FI(;URE CAPTIONS

Figure I. Illstration of basic scheme for gated, two-step PSI IB. The line pointing toward

"permanent reservoir- depicts the transformation of the center to a new ground state that

produces hole-burning.

Figure 2. Iwo schen', for photon-gated PSI 113. Left side: Three-level systcm. Right side:

Four-level s\-tem. The optical absorption should be small in the circled regions.

Figure 3.. Fnergy level diagram of BaC'lF:Sm 21 showing the two-step photoionization process

responsible for photon gating.

Figure 4.. Photon gated hole-burning in the 7IF0 DOl)o transition of BaClF:Sm ? . (a) The 13

G11z wide inhomogeneous line profile at 6879A, (h) a 700 MIT/ section of the line before

hole-burning. (c) after burning at 0 Mllz and -220 Mllz with 2 W/cm 2 for 2000 s, (d) a

single hole burned at 0 Milz in 3 s by adding 20 W/cm 2 of 5145A gating light. (e) multiple

holes burned 110 Mllz apart.

Figure 5 L.evel diagram for photon-gated PSI III via donor-acceptor electron transfer. The

structure of the donor chromophore TZ is shown in the inset.

Figure 6. Fast burning in smanl spots for the I7T'CJIW[ClPMMA material. (a) baseline

before burning. The curvature in this trace is due to weak Fabrv-Perot resonances in the
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op)tical system. The iero or absorption is olf-scale at the bottom. (1) After burning with a

10 mW beam at ), for 30 ns. followed immediately vith a 200 ohs gating beam at 488 nm

of 17 roW.

Figure 7. Materials constraints for gated PSI IB materials in order to achieve practical SNR.

The various regions and symbols are defined in the text. To illustrate the effect of increased

laser power, the dotted line shows the , = 0.1 boundary for 100 mW reading power.
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